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Introduction
Oxidative stress (OS) affects the quality of gametes and the way in which they interact. Free radicals such as reactive oxygen species (ROS) influence oocytes, spermatozoa, and embryos and their environments. The microenvironments associated with follicular fluid, hydrosalpingeal fluid and peritoneal fluid have a direct bearing on oocyte quality, sperm-oocyte interaction, sperm-mediated oocyte activation, implantation, and early embryo development. OS affects early embryo development and implantation, which in turn affects pregnancy rate.
Infertility is a problem with a large magnitude. OS has been investigated as a causative factor. There is some evidence that OS has a role in endometriosis as well as in tubal and peritoneal factor and unexplained infertility. This article focuses on evaluating the current evidence for the role of ROS in the normal functioning of the female reproductive tract and also on studies evaluating their role in infertility and assisted reproduction. The manner in which OS influences the successful outcomes of assisted reproduction is also discussed, along with strategies for overcoming OS in infertility and assisted reproduction.
Oxidative stress
Aerobic metabolism is associated with the generation of ROS (pro-oxidants) (Agarwal and Allamaneni, 2004a,b) . ROS include the hydroxyl radicals, superoxide anion, and hydrogen
641
Review Oxidative stress and its implications in female infertility -a clinician's perspective peroxide. There is a diverse range of antioxidants that limit the production of ROS, scavenge them, and repair cell damage. There is a complex interaction between the pro-oxidants and antioxidants that results in the maintenance of intracellular homeostasis. An imbalance between the pro-oxidants and antioxidants results in OS.
A complex interplay of cytokines, hormones, and other stressors results in the generation of free radicals. Free radicals further act through the modulation of gene expression and transcription factors (Harvey et al., 2002; Dennery, 2004) . Reactive oxygen species have a physiological and pathological role in the reproductive tract. They are key signal molecules modulating various reproductive functions such as oocyte maturation, folliculogenesis, tubal function and cyclical endometrial changes. Interventions designed to overcome OS in vivo and in vitro are also discussed in this paper.
Assisted reproductive techniques
There have been a number of dramatic developments in assisted reproduction since its introduction 25 years ago. A variety of causative factors for infertility can be indications for assisted reproduction, i.e. tubal factor infertility, endometriosis, male factor infertility and unexplained infertility (Braude and Rowell, 2003; Isaksson and Tiitinen, 2004) . Assisted reproductive technologies offer excellent opportunities to infertile couples for achieving pregnancy.
A majority of the retrieved oocytes become fertilized, and up to 70% of these undergo the first three cleavage divisions during the first 3 days of culture. Less than 50% of the cleaved embryos undergo cavitation to form blastocysts by day 5 invitro culture (Gardner et al., 2000) . Blastocyst development in vitro lags behind blastocyst development in vivo.
Free radicals are generated as a result of embryo metabolism. Generation of OS in in-vitro culture media may have detrimental effects on post-fertilization development and assisted reproduction outcomes. There may be multiple sources of ROS in an IVF setting, including the oocytes, cumulus cell mass and spermatozoa used for insemination (Bedaiwy et al., 2004) . ROS generated in IVF media can cause detrimental effects on mitochondria (Comporti, 1989) , DNA, RNA and sperm-oocyte fusion (Aitken et al., 1993) .
ROS and the follicle
Oxidative stress plays a role in the physiology of ovarian function. The follicular fluid microenvironment is a biological window into the quality of the oocyte and the subsequent embryo that is generated. Phagocytic macrophages, parenchymal steroidogenic cells and endothelial cells generate ROS in the ovaries (Halliwell and Gutteridge, 1988) . Different investigators have found that ROS are involved in folliculogenesis, follicle maturation, ovulation and corpus luteal function (Tamate et al., 1995; Sugino et al., 1996; Jozwik et al., 1999; Sabatini et al., 1999) . Cells involved in steroidogenesis such as theca cells, granulosa lutein cells, and hilus cells show stronger oxidative enzyme activity (Scully and Cohen, 1964) . The expression of various biomarkers of OS has been demonstrated in normally cycling human ovaries (Shiotani et al., 1991; Suzuki et al., 1999) . Expression of Cu-Zn superoxide dismutase (SOD) and Mn-SOD has been detected by immunohistochemical staining (Tamate et al., 1995) . The follicular fluid microenvironment is important for follicular maturation and granulosa cell functions. Reduced concentrations of glutathione peroxidase, a protective enzyme, may affect the fertilizing ability of the gametes (Paszkowski et al., 1995) . Down-regulation of glutathione peroxidase in the follicular fluid is significantly associated with low fertilization rates. Smoking also significantly reduced glutathione peroxidase concentrations in the liquor folliculli. The mRNA expression of enzymatic antioxidants such as Cu-Zn-SOD, Mn-SOD, catalase, glutathione peroxidase and gamma-glutamyl synthetase were studied in human oocytes. Cu-Zn-SOD was particularly well expressed in the metaphase-II oocyte. Mn-SOD and glutathione peroxidase transcripts were expressed in the germinal vesicle stage and the metaphase II stage, suggesting that these enzymes are markers for oocyte maturation (El Mouatassim et al., 1999) . The expression of these enzymes indicates that the oocytes are exposed to OS and the enzymatic antioxidants act as catalysts in neutralizing the ROS. The expression of Cu-Zn-SOD and Mn-SOD is closely related to steroidogenesis in the human ovary (Suzuki et al., 1999) . The production of a viable oocyte is modulated by a complex interaction of endocrine, paracrine and autocrine factors, leading to follicular maturation, granulosa cell maturation, ovulation and luteinization.
Nitric oxide (NO) is a local factor involved in the autocrine and paracrine modulation of ovarian folliculogenesis and steroidogenesis. At low concentrations (<1 µmol/l), the transduction effect of NO is mediated by activation of soluble guanyl cyclase and mediated through cyclic guanosine monophosphate (cGMP) (Rosselli et al., 1998; Hanafy et al., 2001) . The role of NOS has been determined by NO synthase expression or by plasma nitrate concentrations. Studies suggest that concentrations of follicular NO increase in the secretory phase and peak at mid-cycle (Lee et al., 2000) . Low concentrations of NO in follicular fluid were associated with follicles containing mature oocytes that eventually became fertilized (Barrionuevo et al., 2000) . Follicular fluid NO concentrations have been negatively associated with embryo quality and rate of cleavage. Serum NO concentrations were elevated in patients with tubal factor or peritoneal factor infertility (Bedaiwy et al., 2004) . Higher concentrations of NO are associated with implantation failure, resulting in lower pregnancy rates. NO may induce apoptosis, resulting in embryo fragmentation.
Oxidative stress may affect theca-interstitial cells by inducing their proliferation and growth. This proliferation was demonstrated to be dose dependent in-vitro in rat theca interstitial cells (Duleba et al., 2004) . Higher doses of OS inhibited the proliferation of the theca-interstitial cells. Oxidative stress may also induce proliferation of ovarian mesenchymal cells in patients with polycystic ovarian syndrome. The effect OS has on both types of cells needs to be investigated further.
ROS and the corpus luteum
Antioxidant enzymes such as SOD are expressed cyclically in steroid-producing cells. ROS therefore plays a role in the formation of the corpus luteum and steroidogenesis.
Expression of Mn-SOD and Cu-Zn-SOD was positive in luteinized granulosa cells and theca cells. SOD has also been demonstrated in steroid-producing cells, implying that ROS has a role in steroidogenesis. Cu-Zn-SOD expression peaks from the early to mid-secretory phase, and this parallels progesterone production by the corpus luteum. Thus, Cu-Zn-SOD has a protective role in the maintenance of the corpus luteum (Sugino et al., 1996) . Mn-SOD expression peaks towards the late luteal phase, suggesting its role in luteal regression. Highest concentrations of OS markers were expressed in the corpora lutea in mid-cycle and were related to steroidogenic synthesis, which is maximal at this stage (Vega et al., 1995) . Cytokines influence the induction of Mn-SOD, which is considered to be the inducible form of SOD.
The endothelial form of NO synthase was the most abundant form of NO synthase expressed in the corpus luteum, and expression was highest in the late luteal phase (Friden et al., 2000; Preutthipan et al., 2004) . Concentrations of prostaglandin (PG) F2α and prostaglandin PGE2 increased significantly in vitro during the late luteal phase, suggesting a role in luteolysis. Elevated peroxidation concentrations in the follicle may be detrimental to oocyte maturation (Jozwik et al., 1999) . Concentrations of conjugated dienes, lipid hydroperoxides and thiobarbituric acid reactive substances in preovulatory follicular fluid were found to be significantly lower than the serum concentrations, suggesting a concentration gradient.
ROS and the endometrium
Expression of endothelial and inducible NO synthase (eNOS and iNOS) has been demonstrated in the human endometrium (Tseng et al., 1996) and in endometrial vessels (Taguchi et al., 2000) . Endothelial NO synthase, originally identified in vascular endothelial cells, is also distributed in glandular surface epithelial cells in the human endometrium. NO also regulates the microvasculature of the endometrium and is important for the phenomenon of menstruation. Expression of eNOS mRNA has also detected in the mid-secretory phase and latesecretory phase, suggesting a role in the decidualization of the endometrium. ROS brings about changes in the endometrium that prepare it for implantation.
Oxidative stress and infertility
Infertility affects about 6 million American women and their partners, or about 10% of the US population. Infertility is defined as 'the inability to conceive following 12 months of unprotected sexual intercourse, before an investigation is undertaken unless medical history and physical findings dictate earlier evaluation and treatment ' (ASRM, 2004) . Data from the National Survey for Family Growth (NSFG) indicate that the number of women with impaired fecundity has grown from 4.6 million in 1982 to 6.2 million in 1995, an increase of 26% (Abma et al., 1997) . Although the frequency and origin of different forms of infertility varies, 40-50% of cases are due to female causes (Duckitt, 2003) , whereas 30% of cases are due to male causes. Unexplained infertility affects another 15% of couples (Eskandari, 2003) . Although infertility is a common problem, treatment is sometimes inadequate because the aetiology is not fully understood (Agarwal and Allamaneni, 2004) . The absolute number of couples seeking infertility services has increased dramatically. Each year, approximately 1.3 million American couples receive medical advice or treatment (ASRM, 2004) . Assisted reproductive techniques have allowed many infertile couples to realize their dream of having biological offspring.
Oxidative stress affects both natural and assisted fertility (Agarwal et al., 2004b) . Oxidative stress biomarkers have been found in various sites in the female reproductive tract, suggesting their role in various physiological functions. Other studies have suggested that ROS are involved in various causative factors of infertility, i.e. peritoneal factor, tubal factor, endometriosis and unexplained infertility. The scientific basis of unexplained infertility remains a challenge, and OS may have a role in its pathophysiology.
The role of OS in infertility is not completely ascertained. A number of studies have evaluated the role of OS in tubal factor infertility, endometriosis and peritoneal factor infertility (Ho et al., 1997; Murphy et al., 1998; Ota et al., 1998; Dong et al., 2001; Polak et al., 2001; Van Langendonckt et al., 2002; Szczepanska et al., 2003) . The tubal and peritoneal microenvironments influence fertilization and early embryonic development. Elevated concentrations of ROS in these environments may have detrimental effects on the spermatozoa, oocytes, sperm oocyte interaction and embryos both in the Fallopian tube and the peritoneal cavity (Agarwal et al., 2003) . Activated macrophages have been implicated in the pathogenesis of endometriosis. These macrophages are the source of increased generation of ROS in the peritoneal environment associated with endometriosis.
OS and endometriosis
Many studies have reported both an increased number and activation of macrophages in the peritoneal cavity in patients with endometriosis (Szczepanska et al., 2003) . Macrophages may be the source of increased generation of ROS. Elevated levels of lipid peroxidation were also reported in peritoneal fluid of patients with endometriosis (Liu et al., 2001) . No significant difference was reported in the total antioxidant status or products of NO metabolism in the peritoneal fluid of patients with endometriosis (Ho et al., 1997) . NO synthase activity in vitro was higher in peritoneal macrophages isolated from women with endometriosis (Osborn et al., 2002; Wu et al., 2003) . Expression of inducible NO synthase was higher in endometrial tissue from women with endometriosis than controls. In the peritoneal fluid, activated macrophages produce increased concentrations of cytokines and macrophage colony stimulating factor. Endothelial NO expression and SOD in the endometrium have been reported to increase in patients with endometriosis (Ota et al., 1998 (Ota et al., , 1999 . SOD concentrations were significantly lower in the peritoneal fluid of women with endometriosis (Liu et al., 2001; Szczepanska et al., 2003) . Contrary to these findings, other investigators found no difference in SOD concentrations in the peritoneal fluid from patients with endometriosis-associated with infertility, compared with women with idiopathic infertility. Bedaiwy et al. (2002) found evidence that serum interleukin (IL)-6 and peritoneal fluid tumour necrosis factor (TNF)-alpha concentrations could be used to distinguish patients with endometriosis from those without with a high degree of sensitivity and specificity. ROS concentrations, on the other hand, were similar in peritoneal fluid of patients with endometriosis and disease-free controls (Bedaiwy and Falcone, 2003) .
Evidence suggests that OS is present in the peritoneal cavity, and markers of increased lipid peroxidation, e.g. antibodies to the oxidized low-density lipoproteins, have been reported to be elevated in women with endometriosis (Murphy et al., 1998; Shanti, 1999) . Murphy et al. have demonstrated elevated modified lipoprotein complexes at the level of the endometrium. The literature lacks studies assessing a host of OS biomarkers in the peritoneal fluid and examining the individual antioxidants and the total antioxidant status. Future studies should therefore focus on using persistent biomarkers of OS to identify OS (Bedaiwy and Falcone, 2003) .
OS and unexplained infertility
The pathophysiology of unexplained infertility remains a scientific challenge. Unexplained infertility may be caused by increased generation of ROS in the peritoneal cavity. ROS concentrations were higher in women undergoing laparoscopy for infertility evaluation than in women who underwent laparoscopic tubal ligation. Wang et al. (1997) found higher concentrations of ROS in women with idiopathic infertility in unprocessed and processed peritoneal fluid specimens, and these differences were statistically significant in the processed peritoneal fluid. Polak et al. found that the concentrations of antioxidants in patients with unexplained infertility were significantly lower than those in fertile patients (Polak et al., 2001) . Concentrations of malondialdehyde, a lipid peroxidation end product, in peritoneal fluid were higher in patients with unexplained infertility than in fertile women. Women with idiopathic infertility have reduced concentrations of antioxidants and increased ROS-induced lipid peroxidation damage resulting in infertility.
Clinical studies on OS and assisted reproduction
Two mitochondrial ATP synthesis enzymes, NADPH oxidase and xanthine oxidoreductase, are associated with the generation of ROS, mainly the superoxide radical. Oxygen is needed to generate energy for folliculogenesis and oocyte maturation, and ROS production is inherent in these processes. Early embryos from humans and mice have many similarities in invitro culture conditions. Both exhibit block in the activation of the embryonic genome in-vitro culture, and ROS may be instrumental in causing the embryo block. Current studies are focusing on the effects of growth factors, which are normally found in the Fallopian tubes and endometrium, to protect invitro cultured embryos from the detrimental effects of ROS. The factors being investigated are insulin-like growth factor I (IGF-I), and epidermal growth factor (EGF) in mouse embryos.
Lower levels of total antioxidant capacity (TAC) in the follicular fluid are predictive of decreased fertilization potential (Oyawoye et al., 2003 ). Oyawoye's study was the first study to use ferric reducing antioxidant power assay to estimate TAC in follicular fluid. This study consisted of 303 follicular aspirates from 63 women. Lower levels of TAC were shown to be associated with increased viability of the embryos till the time of transfer. The fertilization potential decreased as TAC levels decreases.
Levels of SOD activity were higher in follicular fluid from oocytes that failed to fertilize (2.47 ± 0.41 IU/mg of protein) than in those that did [1.20 ± 0.09; (P = 0.0001) (Sabatini et al., 1999] . This may be due to the fact that Oyawoye et al. measured TAC, whereas Sabatini et al. measured SOD. A more comprehensive assessment of the redox status in follicle involves the assessment of both ROS and TAC levels in the follicular fluid. The ROS-TAC score, which utilizes principal component analysis of both ROS and TAC results, was found to be a better predictor of the overall OS affecting the spermatozoa (Sharma et al., 1999) .
ROS and TAC levels were measured by chemiluminescence assay (Attaran et al., 2000) . This study found that concentrations of ROS were lower in patients who did not become pregnant than in those who did. Thus, intrafollicular ROS concentrations may be used as a potential marker for predicting success with IVF. Further studies are required to determine normal TAC levels of the follicular fluid in unstimulated cycles.
The effects of follicular OS on oocyte maturation, fertilization and pregnancy were evaluated by Pasqualotto et al. (2004) . In this study, 41 patients and 115 follicles aspirated for IVF or ICSI were examined. Patients who became pregnant had higher levels of lipid peroxidation (LPO) and TAC, although levels of LPO and TAC did not predict embryo quality. Pregnancy rates and levels of lipid peroxidation and TAC demonstrated a positive correlation.
An important determinant of IVF outcome is oocyte quality. DNA damage caused by OS can be reliably measured by 8-hydroxy-2-deoxyguanosine (Seino et al., 2002) . Higher concentrations of 8-hydroxy-2-deoxyguanosine were associated with lower fertilization rates and poor embryo quality (Seino et al., 2002) . High concentrations of 8-hydroxy-2-deoxyguanosine are also found in granulosa cells of patients with endometriosis, and this may impair the quality of oocytes.
Redox and early embryo development
Excessive generation of ROS may result from embryo metabolism involving xanthine oxidase pathway . Physiological levels of redox are important for embryogenesis. Overgeneration of ROS can have detrimental effects on embryo development (Guerin et al., 2001; Harvey et al., 2002) . In in-vitro conditions excessive generation of ROS leading to OS can compromise preimplantation embryo development. Specifically, the superoxide anion, hydrogen peroxide and hydroxyl radical can have detrimental effects on the embryo. ROS generation can result from oxidative phosphorylation occurring at the mitochondrial level when there is a leakage of electrons from the electron transport chain at the inner mitochondrial membranes. This electron gets transferred to the oxygen molecule, resulting in an unpaired electron in the orbit. ROS can also be produced by cytoplasmic NADPH-oxidase, cytochrome p450 enzymes and the xanthine oxidoreductase enzymes.
OS and abortion
Human reproduction is not a very efficient process. Before the end of the first trimester, 30-50% of conceptions result in abortions. Predominantly the loss occurs at the time of implantation. Fifteen to 20% of clinical pregnancies result in spontaneous abortions. Recurrent pregnancy loss (RPL) affects 0.5-3% of women in the reproductive age group. Fifty to 60% of RPL are idiopathic (Cramer and Wise, 2000) . OS-induced damage has been postulated to have a role in spontaneous abortions, idiopathic RPL and fetal embryopathies.
Placental OS has been proposed to have a role in the pathophysiology of miscarriage and pre-eclampsia. The outcomes of miscarriage and pre-eclampsia may be a continuum of the underlying pathophysiological process of placental OS. OS is known to modulate key transcription factors and expression of genes in the embryo (Dennery, 2004) . Elevated concentrations of ROS can lead to detrimental effects in the embryo. Increased embryonic cytoplasmic fragmentation and apoptosis have been reported as a consequence of OS (Yang et al., 1998) . Aberrant apoptosis in the blastocyst can lead to embryonic death or congenital anomalies in the fetus or abortions.
Implantation is a very well orchestrated dialogue between the embryo and the uterine environment. A burst of OS occurs with the establishment of maternal circulation (Jauniaux et al., 2000) . Deficient trophoblastic invasion results in an impaired dialogue between the embryo and its environment and is associated with abortion. Spontaneous abortion is probably accompanied by a significant disruption of the pro-oxidant and antioxidant balance.
A recent study proposed that OS modulates the expression of cytokine receptors expressed in the placenta, cytotrophoblasts, vascular endothelial cells and smooth muscle cells (Banerjee et al., 2004) . Elevated concentrations of the antioxidant glutathione in pregnant patients with a history of recurrent abortion were associated with higher rates of miscarriage (Miller et al., 2000) . Glutathione depletion leads to the inhibition of T helper cell (TH) 1 type cytokine response, and elevated levels result in TH1 cytokine expression. The T helper cells can polarize to produce two kinds of cytokines TH1 and TH2 (T helper cell 2) and both are modulated by glutathione (Peterson et al., 1998) . Lin et al. (1993) studied murine pregnancy and found evidence of the production of TH2 type cytokines at the maternal-fetal interface. Expression of TH1 type cytokines is associated with a poor prognosis, including miscarriage.
A growing body of evidence suggests that the redox state has a critical role in modulating implantation and affecting preimplantation embryonic growth. The redox state can influence natural and assisted conception, and it is important to reduce generation of ROS and increase the scavenging capacity of in-vitro media with antioxidant supplementation.
Role of ROS in gamete interaction
ROS are involved in the physiology of sperm-oocyte interaction. Both spermatozoa and oocytes generate ROS. Certain concentrations of ROS are essential for the normal functioning of spermatozoa and for sperm-oocyte interaction (Aitken et al., 1989) . The production of ROS by the gametes is balanced by the antioxidants. If the protective effect of the antioxidants is less than the ROS generated, it results in OS. Excessive concentrations of OS can impair the functions of spermatozoa. Excessive generation of ROS in the semen is associated with lower fertilization rates in conventional IVF (Krausz et al., 1992; Sukcharoen et al., 1996) . Concentrations of OS vary greatly in infertile men. Physiological concentrations of OS may be essential for the sperm-acrosome reaction and sperm-oocyte interaction (Aitken et al., 1989) . Excessive generation of ROS can lead to DNA damage in spermatozoa (Kodama et al., 1997; Lopes et al., 1998) . Severe OS can lead to infertility because of the negative impact on fusion events such as acrosome reaction and sperm-oocyte fusion (Aitken et al., 2003) .
Strategies to overcome ROS
Many factors influence the interaction of spermatozoa and oocytes in vivo and in vitro. The intrinsic quality of the spermatozoa and oocytes are important determinants of assisted reproduction outcomes. Development of mammalian embryos can be retarded in the presence of unfavourable media conditions. Blastocyst development in vitro always lags behind blastocyst development in vivo (Boni et al., 1999; Viuff et al., 1999) . The culture conditions subsequent to fertilization affect the blastocyst number, quality and blastocyst hatching. ROS in culture media effects fertilization, embryo development and clinical pregnancy rates. Elevated concentrations of ROS in day 1 culture media were associated with lower pregnancy rates both with IVF and ICSI (Bedaiwy et al., 2004) .
Treatment strategies should focus on oral supplementation with antioxidants or supplementing IVF media with antioxidants to overcome OS. These strategies also depend on whether the patient is undergoing IVF or ICSI, since generation of the ROS in IVF and ICSI are from different sources. Antioxidant supplementation of culture media can improve embryo development and decrease apoptosis. IVF media are supplemented with antioxidants that protect spermatozoa against DNA damage.
Strategies to overcome OS in IVF culture media
The success rates in IVF are influenced by maternal age, number of oocytes retrieved and the quality of the embryos transferred. The quality of the embryos is influenced by extrinsic factors like culture media. The role of IVF media in generating ROS and its damaging effects are complex not completely understood. When ROS is generated, it can diffuse into the cells and damage lipids, proteins, nucleic acids, DNA and RNA. There are a large number of extrinsic factors that modulate OS that can influence successful outcomes of IVFembryo transfer. These are oxygen concentration, ionizing radiation and concentrations of antioxidants (Table 1) . Ethyl enediaminetetraacetic acid (EDTA), low oxygen tension, SOD and catalase are the antioxidants involved in overcoming OS (Orsi and Leese 2001) .
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are different from those with intracytoplasmic sperm injection (ICSI) (Bedaiwy et al., 2004) . In ICSI, the oocyte is devoid of any cumulus cells and therefore only the oocyte, injected spermatozoa and the injected culture medium are the potential sources of ROS. In contrast, in conventional IVF-embryo transfer, ROS may originate from multiple oocytes per dish, large number of cumulus cell mass and spermatozoa used for insemination.
Evidence suggests that media supplementation with antioxidants, disulphide reducing agents or divalent chelators of cations may be beneficial to embryos studied under in-vitro conditions (Guerin et al., 2001) . The mouse two-cell embryo block can be prevented by antioxidant supplementation (Nasr-Esfahani and Johnson 1991; Goto et al., 1993) . Co-incubation of mouse embryos that were exposed to exogenously induced ROS with vitamin C significantly increased blastocyst development rates (Wang et al., 2002) . Insulin-like growth factors I, II and epidermal growth factors have also been reported to have a positive effect on embryo development in mouse embryos that were exposed to exogenous OS (Kurzawa et al., 2004) . The addition of β-mercaptoethanol, a thiol protector, reduced concentrations of apoptosis and blastocyst degeneration in bovine blastocysts (Kitagawa et al., 2004) . This was also associated with increased synthesis of glutathione induced by beta-mercaptoethanol. The embryo in the first trimester grows under low oxygen concentration as seen in materno-fetal oxygen diffusion studies . In human embryos, the blastulation rate increased to 58.5% with low oxygen tension (5% O 2 ) and low illumination maintained throughout the period of embryo manipulation (Noda et al., 1994) . Removal of environmental pollutants via air filtration may protect in-vitro embryo growth. It has been recommended that low oxygen concentrations be used at all stages, such as insemination, fertilization and embryo culture (Catt and Henman, 2000) . Decreased development of inner cell mass and reduced proportion of transferred blastocysts developing into embryos has also been reported (Karagenc et al., 2004) . Adoption of low oxygen concentration has been proposed as a standard for embryo culture, especially blastocyst production (Bavister, 2004) .
Optimal concentrations of individual amino acids, antioxidants, vitamins and energy sources in culture media were determined and applied to improve the embryo quality and achieve higher blastulation hatching rates with human embryos (Ali et al., 2000) . Different co-culture systems utilized for IVF are associated with improved embryo survival and increased pregnancy rates (Spandorfer et al., 2004) . The cells in coculture produce enzymatic and non-enzymatic antioxidants and confer a protective effect on the embryos (Wang et al., 2002) . Repeated change of media and use of sequential culture systems may help reduce exposure to ROS. The metabolic requirements of the embryos change with the different stages of development (Harvey et al., 2002) . Culture media incubated with fragmented embryos showed a progressive decline in antioxidant capacity (Paszkowski and Clarke, 1996) . Hence, preventing exposure to fragmented embryos and defective spermatozoa would help surmount OS.
Supplementation with vitamin C and E has also been investigated (Tarin et al., 2002) . Antioxidant supplementation with albumin, low molecular weight thiol and proteins (10% serum substitute supplement) has been used for in-vitro oocyte maturation and embryo culture. When media was supplemented with vitamin E, the number of the bovine embryos that reached the expanded blastocyst stage increased (Olson and Seidel, 2000) .
Strategies to overcome OS in spermatozoa
Spermatozoa utilized for assisted reproduction are likely to be exposed to OS, which can cause extensive DNA damage. The chances of selecting DNA-damaged spermatozoa are much higher with the ICSI procedure. Spermatozoa with DNA damage induced by ROS can result in impaired embryonic growth, early embryonic death and abortion. Zwitterion buffers such as 2-hydroxy ethyl-1-piperazeneethane sulphonic acid (HEPES) were found to be the most potent protectors against DNA damage occurring in spermatozoa as determined by the plasmid relaxation assay, which is a measure of DNA damage (Ermilov et al., 1999) .
The conventional swim-up preparation technique used for sperm preparation in ejaculates with ROS can lead to sperm damage because of the close contact between the functional spermatozoa and the defective spermatozoa and leukocytes (Henkel and Schill, 2003) . The techniques recommended for patients with elevated ROS concentrations in the ejaculate are density gradient centrifugation and glass wool filtration. The sperm preparation media can be supplemented with antioxidants such as pentoxyfiline (Okada et al., 1997) , glutathione (Lenzi et al., 1993; Griveau and Le Lannou, 1994) , N-acetyl-cysteine (Oeda et al., 1997; Comhaire et al., 2000) and albumin (Twigg et al., 1998) to scavenge the ROS.
Reports suggest that prolonged sperm-oocyte incubation time (16-20 h) increases generation of ROS. Two prospective randomized controlled studies have recommended shorter sperm-oocyte co-incubation time (Gianaroli et al., 1996; Kattera and Chen, 2003) . Co-incubation times of 1-2 h resulted in better quality embryos with significantly improved fertilization and implantation rates. Shorter coincubation times also produced better quality embryos and increased implantation and pregnancy rates (Gianaroli et al., 1996; Quinn et al., 1998; Kattera and Chen, 2003) .
Antioxidants and the management of OS
Current evidence supports the use of systemic antioxidants for the management of selected cases of male infertility . Antioxidants can also be used as media supplements for sperm preparation. Systemic supplementation with antioxidants may help overcome OS in female infertility as well. The duration and dose of antioxidants used in female infertility needs to be further investigated.
Systemic supplementation with vitamin C has been used in patients who are infertile, in those with luteal phase defects and in those who have experienced recurrent abortions. Supplementation with 400 mg of vitamin C improved ovulation induction rates with clomiphene (Igarashi, 1977) . Vitamin C may play a role in fertilization (Wilson, 1973) .
In another study involving 65 women undergoing IVF and embryo transfer, the authors demonstrated that concentrations of ascorbic acid were higher in mature ovarian follicles than in the serum (Paszkowski and Clarke, 1999) . This suggested an active uptake of vitamin C by the follicle resulting in the sequestration of vitamin C. In patients undergoing IVF-embryo transfer, vitamin C supplementation was given during the period of hormonal stimulation, which resulted in higher follicular fluid concentrations of vitamin C (Crha et al., 2003) . The reported pregnancy rates were higher in the supplemented group, though not statistically significant. Higher pregnancy rates, which reached significance, were reported amongst patients who were non-smokers and received supplementation.
A recent double-blind, placebo-controlled pilot study investigated a nutritional supplement containing L-arginine, vitamins and minerals. Three months of supplementation resulted in a trend towards an increase in mean mid-luteal progesterone concentrations and a significant increase in the number of days with basal temperatures >37°C. After 5 months of supplementation, the pregnancy rates were significantly higher in the supplemented group (33 versus 0%, P < 0.01) (Westphal et al., 2004) .
A recent randomized controlled trial examined the effects of vitamin C supplementation (750 mg daily) in patients with luteal phase defects. Ascorbic acid supplementation resulted in significantly higher serum progesterone concentrations (13.27 ± 0.63 versus 7.51 ± 0.22 ng/ml). Pregnancy rates were also significantly higher (25.0 versus 10.9%, P < 0.0047). Luteal phase defects decreased by 53% in the supplemented group whereas the defects spontaneously improved by 22% in the non-supplemented group (Henmi et al., 2003) . Animal studies have shown that supplementation with antioxidants reduces age-related ovarian senescence and prevents decline in oocyte quality and numbers (Tarin et al., 1998) .
Significantly reduced levels of SOD expression were found to be associated with first trimester miscarriage . Antioxidants help protect the embryo from damage caused by pro-oxidants, which thereby aids in the establishment of a successful pregnancy. Pregnancy is a state of OS, and increased concentrations of OS may be involved in the aetiopathogenesis of recurrent abortions. Antioxidant supplementation in patients with antiphospholipid syndrome and recurrent abortions is being investigated (Ames et al., 2000) .
Conclusions
Assisted reproductive technologies are being increasingly used to help infertile couples realize their dream of having a biological Review -Oxidative stress and its implications -A Agarwal et al. Management options for overcoming OS include in-vivo and in-vitro antioxidant supplementation. Supplementing in-vitro media with optimum concentrations of antioxidants, amino acids and vitamins helps scavenge ROS. In IVF, low oxygen concentration and low illumination should be maintained throughout the period of embryo manipulation. In addition, the media should be repeatedly changed and sequential culture media systems should be used. Both measures will help prevent the oocytes and embryos from being exposed to defective spermatozoa and fragmented embryos, and therefore to ROS. Antioxidant supplementation, disulphide reducing agents and divalent chelators of cations have beneficial effects on embryos under in-vitro conditions. Apoptosis and blastocyst degeneration can be improved by adding betamercaptoethanol to in-vitro culture media, which increases blastocyst development rates (Kitagawa et al., 2004) . Sperm preparation techniques reduce the amount of functional spermatozoa that are exposed to defective spermatozoa and leukocytes, and their use should be advocated. Sperm preparation media can be supplemented with antioxidants like pentoxyfiline, glutathione, N-acetylcysteine and albumin to neutralize free radicals. It is important that reproductive endocrinologists be aware of the deleterious effects of ROS on natural and assisted fertility.
